Background. Mycobacterium tuberculosis can grow in the hostile intracellular environment of macrophages by actively evading macrophage-associated antibacterial activities. The stress response factor SigH contributes to this process by modulating β-chemokine and interleukin 6 (Il6) expression. Hence, Il6 is of critical importance for acquired immunity against M. tuberculosis infection. Here, we attempted to better characterize the role of Il6 in the immune response to M. tuberculosis infection.
Resistance to Mycobacterium tuberculosis infection requires the host to restrict bacterial replication via a successful T-helper 1 (Th1) response [1] . Hence, proinflammatory cytokines and chemokines induced by M. tuberculosis are crucial for immunity to tuberculosis. Because macrophages have potent antimicrobial functions, they play an important role in the innate immune response to pathogens and, thus, are essential in shaping adaptive immune responses [2, 3] . Nevertheless, M. tuberculosis can evade the functions of macrophages and actively grow within their hostile intracellular environment [4] . As part of this strategy, M. tuberculosis inhibits phagosome maturation and acidification, interferes with responses to interferon γ (Ifng), resists antimicrobial agents that damage the bacterial cell envelope, and counters toxic reactive oxygen and nitrogen intermediates [1, 5] . The evasion of these innate immune defenses allows M. tuberculosis to replicate within the host and escape early immune detection. Therefore, regulation of early immune events by pathogens also interferes with the induction of proinflammatory cytokines and, consequently, with the disease outcome [2, 6, 7] .
M. tuberculosis can restrict macrophage activation and proinflammatory responses through the stress response factor SigH [8] . Transcriptional comparison of infected macrophages demonstrated that the Mtb:Δ-sigH mutant strain induced significantly higher levels of interleukin 6 (Il6) than M. tuberculosis, suggesting its critical importance for acquired immunity against tuberculosis. Il6 is a pleiotropic proinflammatory cytokine, and its increased production is a hallmark of many human chronic inflammatory diseases.
Tumor necrosis factor (Tnf ) and Il6 are differentially required for protective immune responses in mice infected with M. tuberculosis. However, despite its importance in mediating inflammation, Il6 is not as essential as tumor necrosis factor for antimycobacterial effector mechanisms [9] . Il6 is critical to resistance against tuberculosis after infection with high doses of intravenously delivered M. tuberculosis, but it is dispensable for the control of mycobacterial growth after low-dose aerosoldelivered infection [10] [11] [12] . In addition, it has been shown that Il6 is essential for generating protective Th1 immune responses after vaccination with a subunit vaccine against M. tuberculosis [13] but that it has an inhibitory function with respect to Ifng signaling [12] . Hence, we used a small interfering RNA (siRNA)-based approach to further characterize the role of Il6 and the components of the macrophage-signaling machinery that regulate intracellular survival of M. tuberculosis.
MATERIALS AND METHODS

Murine Cell Line and Il-6 siRNA
Macrophage cell lines derived from C57BL6/J wild-type and Toll-like receptor 2 (TLR2)-knockout mice were obtained from BEI Resources (catalog nos. NR-9456, NR-9457, and NR-9567; Manassas, VA). Cell lines were cultured as adherent cells in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum under a humidified 5% CO 2 atmosphere, as recommended by BEI Resources. Four distinct ON-TARGETplus SMARTpool siRNA species targeting different sequences of the Il6 transcript were obtained from Dharmacon (catalog no. L-043739-00-0005). Predesigned siRNA obtained from Life Technologies included GAPDH siRNA (catalog no. AM4624) as a positive control and siRNA with a scrambled sequence (catalog no. 12935200) as a negative control.
Infection With M. tuberculosis and Mtb:Δ-sigH Strains
The wild-type M. tuberculosis strain CDC1551 and the mutant strain Mtb:Δ-sigH were cultured as previously described [14, 15] . C57BL/6 macrophages were infected with either M. tuberculosis wild-type or its mutant counterpart at a multiplicity of infection of 1:10 and after 4 hours, cells were washed extensively to remove extracellular bacilli [8, 16] .
siRNA Transfection
Transfection was performed by mixing Il6 siRNA and 1 μL of Lipofectamine RNAiMAX (Invitrogen) for 20 minutes at room temperature. The complex was added to a single well of a 24-well plate with 1 × 10 5 preinfected cells per well. Transfections with positive and negative controls were performed in parallel. All transfections were undertaken in a final volume of 600 μL, with a final siRNA concentration of 100 nM. Transfected cells were harvested 24 or 48 hours after transfection.
Real-Time Polymerase Chain Reaction (PCR)
Real-time PCR was performed with complementary DNA corresponding to 100 ng of each independent RNA sample, using the SYBR green Supermix kit (Applied Biosystems), with specific primers for each target obtained from PrimerBank (available at: http://pga.mgh.harvard.edu/primerbank/) or created by us (Table 1) . Data were normalized using 18S ribosomal RNA as an invariant transcript and presented as fold induction over infected macrophages treated with control siRNA using the delta-delta Ct method (ΔΔCt). The average relative levels of expression and the SDs were determined in triplicate.
Enzyme-Linked Immunosorbent Assay (ELISA) and 4-Plex Assay
Supernatants collected from infected cells, siRNA-treated cells, and cells on medium alone were assayed by the Mouse Il6 ELISA Kit (Invitrogen) according to the manufacturer's instructions. Supernatants were also used for quantification of 
a Oligonucleotide sequences for mouse DNA-specific primers designed by us for quantitative polymerase chain reaction analysis of the specified targets. b PrimerBank ID nos. used to generate mouse genome-specific primers for the specified targets.
secreted IFNg, interleukin 15, CCL2, and CXCL10, using the mouse cytokine 4 milliplex map kit (Millipore).
DNA Microarray Experiments and Analysis
A total of 24 hours after infection and silencing, host transcripts extracted from approximately 3 × 10 5 cells by means of the RNeasy kit (Qiagen) were used to profile the expression of mouse genome, using 4 × 44 mouse microarrays (Agilent) as described elsewhere [17] [18] [19] . Control samples (ie, samples infected with wild type or Mtb:Δ-sigH and treated with negative-control siRNA) were labeled with Cy3, whereas experimental samples (ie, samples infected with wild type or Mtb:Δ-sigH and treated with siRNA to silence Il-6 expression) were labeled with Cy5; methods are described elsewhere [17] [18] [19] . Genes whose expression changed by at least 50% (P < .05) were considered to be differentially expressed in a significant manner. For microRNA (miR) analysis, total transcripts extracted from approximately 3 × 10 5 cells were labeled and hybridized to miRCURY LNA miR Arrays (Exiqon) as described elsewhere [20] .
Colony-Forming Unit (CFU) Counts
Intracellular bacteria were obtained by lysing the cells with sterile phosphate-buffered saline (PBS) containing 0.1% saponin (Sigma). The released bacilli were serially diluted in PBS containing 0.01% Tween-80 (Merck) and plated on Middlebrook 7H10/OADC agar in triplicate. CFUs were counted after 21 days of incubation at 37°C.
Statistical Analysis
The statistical significance of findings was determined by analysis of variance and the Mann-Whitney U test, using GraphPad Prism, except for microarray results, for which a t test script in the Spotfire DecisionSite/S + Array Analyzer was used.
Protocol Approval
All procedures were approved by the Tulane Institutional Biosafety Committee.
RESULTS
Downregulation of Il6 Messenger RNA (mRNA) and Protein by siRNA Delivery in C57BL6/J Macrophages Cells In Vitro
Real-time PCR and ELISA were performed 24 hours after transfection to evaluate the level of Il6 mRNA and protein expression. GAPDH siRNA was used as the silencing reference standard. The difference between GAPDH-transfected samples and the corresponding negative control was used to calculate the percentage of GAPDH mRNA that remained. The siRNA knocked down GAPDH mRNA by >85% in cells infected with wild type or Mtb-ΔsigH (data not shown). Similarly, the Il6 siRNA induced significant reductions of 49% (fold-change [FC], −1.98) and 65% (FC, −2.86; P < .01) in Il6 mRNA levels in macrophages infected with M. tuberculosis and Mtb:Δ-sigH, respectively ( Figure 1A ). The protein expression levels were also downregulated by 41% (FC, −1.7) and 47% (FC, −1.9; P < .05) in wild type-and Mtb:Δ-sigHinfected cells, respectively ( Figure 1B ). M. tuberculosis normally limits the magnitude of Tlr2 activation, thereby preventing robust activation of macrophage proinflammatory responses, including Il-6 expression [21] . Thus, we analyzed the expression and efficacy of Il6 silencing in Tlr2
−/− bone marrow macrophages infected with M. tuberculosis. We found that Il6 expression was severely reduced after infection with the wild-type strain, as well as with the mutant strain. The residual levels of Il6 mRNA in wild typeinfected cells were higher than but not significantly different from those in Mtb:Δ-sigH-infected cells ( Figure 1C ). Moreover, the silencing effect was very similar to that in wild-typeinfected macrophages. Thus, Il6 mRNA levels were reduced by 47% (FC, −1.88) and 58% (FC, −2.37; P < .01) in Tlr2 −/− macrophages infected with wild type and Mtb:Δ-sigH, respectively ( Figure 1C ). These results show that increased signaling through Tlr2 leads to higher levels of Il-6 by Mtb:Δ-sigHinfected macrophages and suggest that SigH functions by limiting the magnitude of the Tlr2-dependent innate immune response. Despite similar Il6 mRNA levels, IL6 protein levels were significantly lower in Mtb:Δ-sigH-infected cells, compared with wild type-infected cells ( Figure 1B ; P < .05). Conversely, Mtb:Δ-sigH induced significantly higher expression of the IL6 gene, compared with wild type ( Figure 1A ; P < .05). Thus, since miRs regulate protein translation and/or mRNA destabilization, we used a miR array approach to determine whether miRs were involved in Il6 regulation. We analyzed the expression profile of miRs from C57BL6/J macrophages infected with wild type or Mtb:Δ-sigH for 24 hours. Of the miRs that were significantly downregulated, let-7a and miR-142-3p directly target Il6 [22] [23] [24] . Here, let-7a and miR-142-3p were downregulated in cells infected with wild type, whereas only miR-142-3p was found to be significantly downregulated in cells infected with Mtb:Δ-sigH (Table 2 ). Since let-7a and miR-142-3p directly inhibit Il6 [22, 24] , we suggest that downregulation of both miRs is the mechanism used by the immune system to induce levels of IL6 protein that are higher during wild type infection, compared with Mtb:Δ-sigH infection.
Effect of Il6 Knockdown on Bacterial Growth
To determine whether downregulation of Il6 might affect an already established infection with M. tuberculosis, Il6 expression in macrophages was silenced for 24 and 48 hours. Briefly, C57BL6/J macrophages were infected for 4 hours with wild type or Mtb:Δ-sigH at a multiplicity of infection of 1:10, and the expression of Il6 was silenced. Compared with the negative scrambled control, administration of Il6 siRNA for 24 hours had no significant effect on growth of either M. tuberculosis strain. However, after 48 hours of silencing, CFUs of wild type and Mtb:Δ-sigH were significantly increased (P < .01; Figure 2 ). Hence, reduced Il6 expression resulted in increased susceptibility during experimental M. tuberculosis infection, indicating that Il6 has an effect on the protective immune response.
Global Transcriptomic Response to Il6 Silencing
To study the impact of Il6 on host phagocytes, we compared the transcriptome profiles of infected C57Bl6/J macrophages silenced for Il6 to profiles of C57Bl6/J macrophages treated with scrambled siRNA. Genes that showed an alteration in expression by >1.5-fold were considered. Thus, when biological replicates of infected C57bl6/J macrophages silenced for Il6 were compared to the infected nonsilenced controls, wild type and Mtb:Δ-sigH were found to induce expression of 204 genes and 313 genes, respectively, by at least 50%. A total of 141 genes were induced by both strains.
After 24 hours of silencing, interferon-inducible genes were found to be upregulated by both M. tuberculosis strains (Table 3) . However, the expression of these genes was not significantly different between the mutant and wild-type strains. In addition, pathway analysis of the expression profiles showed that the majority of the transcripts were associated with type I Ifnab signaling. These results demonstrate that Il6 downregulates interferon responses in murine macrophages infected with either wild type or Mtb:Δ-sigH and plays an important role in the process that leads to disease susceptibility.
To confirm the results obtained from microarrays, we performed quantitative PCR for type I Ifn pathway genes. The expression of Cxcl10, Ifit1, Ifit2, Rsad2, and Irg1 was significantly higher in cells infected with either strain when Il6 expression was silenced, compared with when the control scrambled siRNA was used (Table 3) . Conversely, even though the expression of Il15, Cxcl11, and Ifit3 was upregulated, these findings were not significant. −/− cells were incubated in the presence of Il6 siRNA or negative scrambled siRNA control for 24 hours. Data means ± standard errors of 3 independent experiments. *P < .05; **P < .01. Abbreviation: NS, not significant. The expression of 3 Tlr genes was differentially regulated following infection with either strain. However, the differences between the 2 strains were not significant. Hence, the expression of Tlr2, Tlr3, and Tlr4 was induced by 1.93-, 1.70-, 1.75-fold, respectively, by the silencing of Il6 in wild type-infected cells and by 2.06-, 1.75-, 1.62-fold, respectively, in those infected with the mutant. Tlrs recognize pathogen-associated molecules, which stimulate the efferent limb of the immune system to secrete cytokines and activate macrophages. Exposure of cells to type I Ifn likely involves upregulation of caspases and proapoptotic innate sensors, such as Tlrs and inflammasomes [21, 25] . Thus, our results suggest that the knockdown of Il6 upregulates type 1 IFNs, which in turn induce Tlrs in a positive-feedback manner.
Furthermore, microarray analysis revealed that 4 genes belonging to the lymphocyte antigen 6 complex (Ly6) were induced in response to Il6 silencing. In mice, expression of the Ly6 locus encodes a family of 10-12-kDa proteins that are linked to the cell surface by a glycosylphosphatidylinositol anchor and have cell signaling and cell adhesion properties [26] . Our results showed that, while the expression of all 4 Ly6 genes was higher in the wild-type strain relative to the mutant strain, levels of Ly6c and Ly6i expression, but not of Ly6a and Ly6f expression, were significantly higher ( Figure 3A ; P < .05). Since type 1 IFN is directly involved in Ly6c monocyte differentiation [27] , we suggest that Ly6 genes might play an important role in host defense against M. tuberculosis infection. Moreover, the expression of the other 4 genes (ie, Cish, Csf1r, Ifitm6, and Cxcl2), appeared to be significantly different in cells infected with Mtb:Δ-sigH, compared with wild type, when Il6 expression was silenced ( Figure 3B ). These genes play crucial roles in immunity against bacterial and viral infections and in governing the extent of disease progression and severity.
Confirmation of Microarray Results at the Protein Level by Cytokine/Chemokine Assay
We performed bead array assays for CXCL10, IFNγ, CCL2, and IL15 in the supernatants obtained from cells that were silenced and infected with either M. tuberculosis strain. IFNγ protein levels were not elevated in the supernatant of macrophages infected with wild type or Mtb:Δ-sigH, although the IFN-inducible chemokine CXCL10 was increased. Hence, similar to the transcript analysis, silenced macrophages infected with the mutant strain induced higher levels of CXCL10 protein (2.2-fold; P < .05), compared with those infected with the wild-type strain (1.5-fold; P > .05; Figure 4A ). This result is in accordance with an in vivo study, in which levels of IFNa2 and IFNγ proteins were not elevated but the level of CXCL10 was significantly increased in serum samples from patients with active tuberculosis [28] . Likewise, even though microarray analysis showed upregulation of Il15 expression, levels of IL15 protein could not be detected. This result can be explained by the very short in vivo half-life of soluble Il15, as well as the unique mechanism of Il-15 trans-presentation [29] . Moreover, since Ly6c-high monocytes, also known as inflammatory monocytes (Ly6c high / Ccr2 + /Cx3cr1 low ), have been shown to be the main producers of Ccl2 in mice [27] and were upregulated in the microarray studies, we looked at CCL2 protein expression. Results showed that silencing of Il-6 had no significant effect on CCL2 protein expression, yet there was a significant difference in the induction between the 2 strains. Thus, the wild-type strain induced higher levels of CCL2 than the mutant strain when Il6 was silenced (P < .05; Figure 4B ). This result shows that activation and recruitment of monocytes to the site of infection are delayed in the mutant strain, compared with the wild-type strain. This is consistent with our in vivo observations, in which incorporation of BrdU in bone marrow-derived monocytes was significantly induced in macaques infected with wild-type M. tuberculosis but not in those infected with Mtb:Δ-sigH [18] .
DISCUSSION
M. tuberculosis interferes with host signaling pathways activated by Ifng [30] [31] [32] for its survival. It exploits Il6 induction as one of the mechanisms to inhibit Ifng [31] . Here, we show that the downregulation of Il6 in murine macrophages infected with virulent or attenuated M. tuberculosis induces transcription of Ifn-related genes (Table 3 ). This result was validated by significantly increased real-time PCR transcript and protein levels of the Ifn-inducible chemokine Cxcl10 in silenced macrophages ( Figure 4A ). Although Ifng is known to be protective during immune responses to intracellular pathogens, including mycobacteria, the role of type I Ifnab is less clear [25, 33] . It has been shown that activation of type I Ifn signaling is crucial for defense against viral infections but may be harmful during bacterial infections, including those due to mycobacteria [34] [35] [36] .
Ifn signaling triggers hematopoietic stem cell proliferation [37] and, thus, mediates monocyte differentiation [27] . A recent report showed that Ifn-I receptor knockout (Ifnar1 −/− ) mice developed significant defects in the infiltration of Ccl2- producing Ly6c hi monocytes in the lung after influenza virus infection [27] . Here, we show that despite the enhanced expression of Ly6-related genes in silenced macrophages, the difference in CCL2 protein levels between silenced and control infected macrophages were not significant ( Figure 4B ). Nonetheless, macrophages infected with wild type induced higher levels of CCL2 and had less effective silencing of Il-6, compared with macrophages infected with Mtb:Δ-sigH. On the basis of these results and previous in vivo observations [18] , we conclude that the wild-type strain induces earlier and more robust macrophage activation, compared with the Mtb:Δ-sigH strain, and, thus, partially impairs silencing effectiveness. This differential activation of macrophages likely gives the wildtype strain, as opposed to the Mtb:Δ-sigH strain, the ability to resist host cellular immunity and progress to active disease or to succumb to the host protective responses. In this study, silencing of Il6 prompted significant opposite regulatory effects on the transcript levels of Cxcl2 and Cish in cells infected with Mtb:Δ-sigH, relative to levels in cells infected with wild type ( Figure 3B ). Type I Ifn has been shown to inhibit the production of Cxcl2 during influenza virus infection, thus decreasing neutrophil recruitment and dampening host defense against secondary bacterial infections [25] . Here, the downregulation of Cxcl2 by Mtb:Δ-sigH, as opposed to the upregulation by the wild-type strain, is consistent with the higher protein levels of IFN-inducible chemokine CXCL10 presented by Mtb:Δ-sigH-infected cells, compared with wild type-infected cells ( Figure 4A ). On the contrary, Cish was found to be upregulated in Mtb:Δ-sigH-infected cells and downregulated in wild type-infected cells. Cish single-nucleotide polymorphisms correlate with increased susceptibility to tuberculosis [38] , and it is essential for the maturation of dendritic cells and the generation of an effective cytotoxic T-lymphocyte response [39] . Hence, it appears that M. tuberculosis may use antigens expressed by the SigH regulon during the infection process via yet-to-be-characterized mechanism (s), to repress the production of Cish. Absence (or reduced expression) of Cish would thus result in the maintenance of dendritic cells in an immature phase and prevent the accumulation of an effective cytotoxic T-lymphocyte response, both of which would be beneficial for the persistence of the pathogen. The expression of both Ifitm6 and Csf1r was higher after infection with Mtb:Δ-sigH, compared with wild type (Figure 3B ; P < .05). Ifitm6 belongs to the family of interferon-induced transmembrane proteins, and the higher levels of Ifitm6 found in Mtb:Δ-sigH-infected cells are a consequence of its more effective silencing. Csf1 and its receptor regulate key effector functions of macrophages and contribute to excessive inflammatory responses in sepsis [40] . Thus, we suggest that SigH may modulate Csf1r to regulate inflammation.
Our results showed that overexpression of type I Ifnabinducible transcripts, caused by the downregulation of Il6, was concomitant with an increase in bacterial burden after 48 hours of silencing, indicating disease progression. Similarly, an in vivo study showed that M. tuberculosis CFUs in lungs from C57BL6/J mice treated with the soluble inhibitor of Il6 transsignaling (sgp130Fc tg ) were slightly but significantly increased after 21 days, but not 14 days, compared with infected control mice [9] . The deleterious role of type I Ifns in the pathogenesis of tuberculosis is corroborated by a recent study that showed increased expression of type I Ifn-inducible transcripts in the blood of patients with active tuberculosis [28] . In addition, to further substantiate the correlation between disease severity and increased type I Ifn response, there have been reports of tuberculosis reactivation during Ifna treatment for hepatitis C and D virus infections [36, 41] .
Modulation of proinflammatory responses is highly relevant to M. tuberculosis pathogenesis, and here we show that M. tuberculosis dampens Tlr2-dependent proinflammatory responses and suggest that the SigH regulon restricts the onset and magnitude of such responses by limiting Tlr2 activation in macrophages. In addition, microarray analysis revealed that Tlr2, Tlr3, and Tlr4 were upregulated after Il-6 silencing. Accordingly, many of the proinflammatory responses, including secretion of Il-6, are downstream of signaling through Tlrs. We therefore suggest that Tlrs are induced in a positive-feedback manner by the knockdown of Il6.
Both type I Ifns and Tlr induce Il15 through Myd88 [42] . In this study, we provide evidence that Il15 expression is under transcriptional control of type I interferons and Tlrs, which in turn are regulated by Il6. Exogenous Il15 increases natural killer (NK) cell lytic activity, and monocytes have shown to play a regulatory role in NK cell activation [43] . Our microarray experiments showed induction of Il15 after silencing of Il6, suggesting an indirect effect of Il6 in the activation of NK cells. This hypothesis requires further investigation.
Recently, studies have demonstrated a role for miRs in the regulation of inflammatory responses [44] . Here we used microarray technology to identify miRs that mediate modulation of Il6. It has been reported that let-7a and miR-142-3p directly inhibit Il6 expression [22] [23] [24] . In view of that, we found that the wild-type strain downregulated both miRs, whereas Mtb:Δ-sigH downregulated only miR-142-3p. Thus, we provided evidence that the downregulation of both miRs by wild type, but not Mtb:Δ-sigH, induced higher Il6 gene translation into protein. This posttranscriptional regulation explains the reduced IL6 protein levels presented by Mtb:Δ-sigH-infected cells, compared with M. tuberculosis-infected cells, and suggests compensation as a defense mechanism. Also, the delayed activation of macrophages infected with Mtb:Δ-sigH resulted in reduced subsequent inflammatory stimuli and improved silencing efficiency.
Thus, it appears that macrophages regulate Il6 production to inhibit type I Ifn signaling and, consequently, disease progression. Our data indicate that a SigH-dependent M. tuberculosis factor interacts with the host innate immune system to modulate the Il6 levels, leading to disease susceptibility. These findings have important implications for the better understanding of the mechanisms behind M. tuberculosis virulence and pathogenesis, although to fully understand the complex signaling network induced by the silencing of Il6, additional in vivo experiments are required. We anticipate that type I IFN acts by increasing the susceptibility of macrophage to apoptosis-inducing stimuli [25] . Hence, our data provides an initial road map to further investigate the mechanisms that may account for the deleterious effects of type I IFN in M. tuberculosis infection.
Notes
